Resonances in QCD and their Couplings

from Anisotropic Clover Lattices

USQCD 2023

Arkaitz Rodas

ontab, ... had/spec

efferdo

O‘Thomas Jeffer.




had/gpec

PO i
oo PO

s, + 181 e s

Structure

The o from first principles Arkaitz Rodas



3"( ’3-0(

e \®

QCD

s, + &1

Structure

-0.5

The o from first principles Arkaitz Rodas



Light Scalars: the o ”m
|

The o from first principles Arkaitz Rodas



Light Scalars: the ¢ ”m
| |

Extremely broad — extremely short-lived

Correlated with chiral symmetry-breaking phenomena

-0.5

Not well-understood — new observables ?? 0.8

Input to hadron physics observables

The o from first principles Arkaitz Rodas



Light Scalars: the o ”m
|

Extremely broad — extremely short-lived

Correlated with chiral symmetry-breaking phenomena

Not well-understood — new observables ??

-100

400
T 1

500
T

-0.5
0.8

Res, '~ (MeV)
600 700 800 900 1000 1100

1200

Input to hadron physics observables

Very challenging experimental
extraction

What happens for Lattice QCD ??

T I

T 1

=1 RPP estimate 2012
~» RPP estimate 1996-2010
e poles used for estimate in RPP 2012

l

The o from first principles Arkaitz Rodas




Other works

Light Scalars: the ¢ had/spec
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Other works
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Light Scalars: the o had/spec
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Light Scalars: the o 1607.05900

(a) (b) () (d)

| attice QCD challenge: H % %

v/ Disconnected diagrams — distillation

V Particles that decay — Luscher

Amplitude analysis challenge:

J Resonances are poles — unitarity

Resonances require extrapolations
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180 Large derivative at threshold
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https://arxiv.org/abs/1607.05900

Resonances require extrapolations 1.90 1.95 2.00  2.05

O.OOT WO B-O-= |

—
—
—

|
! Re (v/s/mx)
2.0 _--""5 3.0 3.

—

Over 20 parameterizations 0.0 -~ l l l
-1.0 | Tﬂ

5

(? m_~ 239 MeV — Broad resonance

0.0 L 2303.10701
Re (at/s)

0 000.070 0.075 0.080 0.085 0.090 0.095 0.100 0.105

‘7 m_~ 283 MeV — ?? O -

-0.02 | ' %
my ~ 283 MeV (11

-0.03 |

s)

2 Im (at

-0.04 |

-0.05 L

The o from first principles Arkaitz Rodas



Crossing

0.8 | R R pl\/ps R R
Particles and anti-particles are related >< 5 \/
S-Chaﬂﬂel o R g/\a g// R

't_ C h a n n e I s-channel t-channel u-channel

u-channel
The o from first principles Arkaitz Rodas



Crossing

\ A /
0.8 R B s R & R
Particles and anti-particles are related >< 5 \/
S-Chaﬂﬂel R, R g/\a g// B

't_ C h a n n e I s-channel t-channel u-channel

u-channel
The o from first principles Arkaitz Rodas




Dispersion relations

Causality <> Analiticity

Built using Cauchy’s theorem s—plane e
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/7 Y

g \
Cross-chfléils )/Data

\ /
They can implement both analyticity AND crossing \\ P /
: N —~
Crossing —
R R R\/% R /%
R P e//
s-channel t-channel u-channel

The o from first principles Arkaitz Rodas



“Model-independent”

Obtain your DRs ————lly Crossing+analyticity

& Use all PWs available +—> Necessary Input

Make 10).&=9l71d compatible E*E ") Unitarity
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Make
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Make 1D) @714 compatible
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2304.03762
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Outside the physical region

s—plane

d N\ Both sides are good now
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Dispersive o
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Couplings

Models: Large systematic dependence
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Dispersive o
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Summary and outlook had/spec

First-principles extraction of a broad resonance directly from QCD

The lighter the 7, the more relevant this approach is

Better constraints over scattering lengths

Future

Include second, larger volume for the lighter pion mass

Extract the f,(980) ?? ?"(

Study new observables ??

(s
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Thank you!!
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https://arxiv.org/abs/1507.02599

180 Large derivative at threshold
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https://arxiv.org/abs/1607.05900

V Use all PWs available

Scalar 7 = 0 waves dominate the DRs

But we extracted/fitted several waves

Every band is a different model fit

1 1

te(s) = p(s) cot 6} (s) — i

Large SL spreads at threshold

kcot 6 (s) ~ 1/ag

The o from first principles
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Couplings

However, pole extraction is more accurate in most cases, particularly

for the coupling
Re /s (MeV)
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Dispersion relations

Crossed Data

0 contribution
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Dispersion relations ~ NP

Crossed Data

Crossing 0 contribution

1 o0 I Ji / IT I’ /
TI(S,t):—/ dsl(mT (Sat) | chu Im 7’ (Svt))
Sth

7T (8" — s) (8" —u)

The o from first principles Arkaitz Rodas



Partial wave dispersion relations

2304.03762

T'(s,t) = 327 Z(Qé + 1) Py(cos 0)t; (s)
/

Amplitudes are decomposed in partial waves

Fit to the data

I NN, .
.:TE (s) + / ds" Ky, (s, s) Imty (s)
Dispersive’s result ’

The most well-known are the ROY eqs., for example, for / = £ = 0O they look
Roy PLB (1971)

.: ag 12;7% (2&8 — 5a(2)) (3 — 4m727) + Z [LmQ dS’K&[/' (s', s) Imtefl (s)

1’0
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(s, s) Imth, (&)

Algebraic functions
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Q Make 10) =974 compatible <P Unitarity
) 2
and data compatible <P  Lattice QCD data description
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Tests: good vs bad

m, ~ 239 MeV
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and data compatible <P  Lattice QCD data description
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Sub-threshold

Very “stable” for [ = 2 nr

Adler zero

-0.2

Even “bad” DRs produce Adler zeroes for =2 04

Adler zero
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All good DRs produce an / = 0 77w Adler zero
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Ok but not great

Visually, they describe the data and fit, but they are not perfect
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Ok but not great

Visually, they describe the data and fit, but they are not perfect
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GKPY vs ROY

GKPY: Minimally subtracted — one less subtraction than ROY

For our analysis, Regge contribution too large for d*

m, ~ 239 MeV
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Scattering plane Nilmax Noarams ~ 300 — 400

Black ROY
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The good

Smeared over a large energy region Vs m,
Complex s
Vs =(2.54+141.0) m,
02F 2x107*F
0 .
\ _ 9% 10—4 _ 8 12 16
0 I e —— / -
25 . 35 4.0 45 5.0 55 Vs /m
An € on the real axis — ¢’in the

0.2
complex plane
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The bad Not happening \

P | > /
1l aves > / ds' KIE (s s) Imtl, ()
\ Extrapolated 4m3

1’0

Smax szt Smax O
Am?2 4m S an 4m S fit

Smaaz

Regge must be extrapolated from phys. m_

Regge is wrong below am_~ 0.22 — 0.25
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The Regge & Regge must be extrapolated from phys. m

O -«
JC JT

P — gluon exchanges — constant over m,_ . . |

v Biswas et al. 1967
A Robertson et al. 1973
u Hanlon et al. 1976

11)2.2183 _» Hamonetalio’e

1 Garcia-Martin et al. 2011

SERSLRDG 20

Illllllll Halzenerar2011
_ — net result of this work
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p, f» — resonances, not constant - A ~ ['/M
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Our F
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Big uncertainty Afy,,,, = 0.3 Fg,.,,
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Regge V Regge must be extrapolated from phys. m_
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my ~ 330 MeV

Allows us to study the
p resonance m, dependence

0.10
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Similar spectrum to
previous masses
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+0.21(0) -0.10(0) +0.01(1) -0.15(1) -0.11(0) -0.43(1) +0.01(0) -0.04(0) +0.05(0) +0.17(0) +0.00(0) +0.03(1) -0.24(0) -0.02(0) +0.32(0) +0.28(0) -0.36(1) -0.22(0) +0.02(0) -0.12(0) +0.02(0) +0.15(0) -0.02(1) +0.01(0) +0.05(0) +0.15(1) -0.00(0) -0.10(1)
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Some highly correlated

+0.29(1) -0.31(0) +0.35(1) +0.51(2) -0.36(1) -0.32(1) -0.31(1) -0.24(4) +0.25(1) +0.14(2) +0.11(1) +0.35(2) -0.02(0) +0.06(0) -0.11(0) -0.15(1) -0.01(0) -0.08(3) +0.16(1) -0.01(1) -0.42(1) +0.22(1)
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)
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+0.13(1) -0.03(0) +0.05(1) +0.25(1) -0.12(0) -0.01(0) -0.15(1) -0.05(3) +0.14(1) +0.00(1) +0.19(0) +0.42(1) -0.32(0) +0.34(0) -0.28(0) -0.22(0) -0.33(0) -0.27(2) +0.13(1) +0.17(1) -0.00(1) +0.16(1) +0.02(1) +0.10(2) +0.07(0) -0.42(0) -0.03(0) +0.03(1) +0.03(0) +0.01(0) +0.02(1) -0.01(1) -0.05(1)

-0.03(0) -0.01(0) -0.00(0) -0.06(1) +0.02(0) -0.01(0) +0.04(0) +0.00(2) -0.04(0) +0.01(1) -0.18(0) -0.25(1) +0.39(0) -0.34(0) +0.26(0) +0.18(0) +0.31(0) +0.32(2) -0.07(0) -0.24(1) -0.02(1) -0.04(0) -0.05(1) +0.03(1) -0.02(0) +0.39(0) +0.00(0) -0.00(1) -0.01(0) +0.00(0) +0.00(1) +0.01(0) +0.01(1)
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-0.29(0) +0.02(0) -0.02(0) -0.12(1) +0.15(0) +0.01(0) +0.28(0) -0.05(1) -0.34(1) -0.05(1) +0.01(0) -0.10(1) +0.00(0) -0.01(0) -0.01(0) +0.01(0) +0.00(0) +0.00(1) +0.00(0) -0.01(0) +0.05(0) -0.27(0) +0.03(0) -0.06(1) -0.02(0) -0.00(0) -0.03(0) +0.00(0)

+0.10(1) +0.03(0) -0.05(1) +0.08(2) -0.02(1) +0.03(0) -0.10(1) +0.01(2) +0.16(1) +0.02(1) -0.05(1) +0.08(1) +0.00(0) +0.01(0) +0.02(0) +0.03(1) +0.00(0) -0.02(2) -0.06(1) +0.02(1) -0.04(1) +0.11(1) +0.01(1) +0.03(1) -0.01(1) +0.01(0) +0.03(1) -0.00(1) +0.21(1)
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More than a few relevant ops.

O p30 -0.00(0) +0.00(0) +0.01(0) +0.07(1) +0.01(0) +0.00(0) -0.01(0) -0.01(1) +0.01(0) +0.01(1) +0.19(0) +0.12(1) -0.01(0) +0.00(0) -0.13(0) -0.19(0) +0.00(0) +0.01(1) +0.25(0) +0.02(0) -0.00(0) +0.02(0) +0.00(0) +0.03(0) +0.18(0) -0.06(0) +0.03(0) -0.01(0) +0.07(0) -0.06(0) -0.02(0) -0.03(1) -0.01(0) +0.06(0)

-0.05(1) -0.06(0) +0.11(0) -0.00(1) +0.05(0) -0.06(0) +0.05(1) -0.04(1) -0.03(1) +0.06(1) -0.03(0) +0.01(1) -0.00(0) +0.01(0) +0.01(0) +0.03(0) -0.00(0) -0.03(1) -0.04(0) -0.00(0) +0.10(0) -0.02(1) -0.01(0) +0.03(1) -0.02(0) +0.01(0) +0.01(0) +0.00(0) +0.10(0) -0.08(1) -0.02(0) -0.03(1) +0.02(1) +0.00(1)
-0.15(1) +0.08(0) -0.09(1) -0.01(2) +0.15(1) +0.06(0) +0.14(1) -0.02(3) -0.11(1) -0.02(2) -0.06(1) +0.03(2) +0.00(0) +0.00(0) +0.02(0) +0.05(1) +0.00(0) -0.03(2) -0.08(1) +0.02(1) +0.00(1) -0.12(1) +0.05(1) -0.02(1) -0.04(1) +0.01(0) +0.02(1) +0.00(1) +0.21(1) -0.14(2) -0.03(1) -0.03(1) +0.02(1) -0.02(1)
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